The influence of storage temperature on the corrosion behavior of tinplate was investigated in 0.1mol/L citric acid solution by using immersion test, polarization curve and electrochemical impedance spectroscopy (EIS). The surface morphology of tinplate before and after corrosion was characterized by scanning electron microscopy (SEM), and the dissolution content of iron and tin ions in citric acid solution was determined by inductively coupled plasma mass spectrometer (ICP-MS). The experimental results show that with the increasing of storage temperature the corrosion potential of tinplate in citric acid solution is shifted negatively whereas the corrosion current density is increased obviously. EIS spectrum of tinplate in citric acid solution is transferred from two time constants at the initial immersion into one time constant with the prolonging of immersion time, and the radius of capacitive arc is decreased with the increasing of storage temperature. Meanwhile, the dissolution rate of tin and iron in citric acid is also promoted by storage temperature. Finally the corrosion mechanism of tinplate in citric acid solution is proposed and discussed, and the activation energy is calculated and correlated with the corrosion process of tinplate.
INTRODUCTION
Tinplate is a cold-rolled low carbon steel sheet with tin plated on both sides, and extensively applied as main packaging material in canning industry for sealing food and beverage because of its excellent formability, solderability and corrosion resistance with good appearance of tin [1] [2] [3] . However, corrosion problems such as pitting perforation, loss of seal integrity, discoloration and food pollution by tinplate's corrosion are often occurred [4] [5] [6] . So it's essential to explore the corrosion behavior and mechanism of tinplate in canning environments so as to guarantee the quality of food and beverage.
The corrosion behavior of tinplate depends many factors including can material (composition, surface morphology, grain size, plastic deformation, base steel, etc.), kinds of contacting medium (food and beverage matrix, acidity, presence of complexing agents) and storage conditions (vacuum degree, duration, environmental humidity, temperature, air permeability) [3, 7] . The corrosion behavior of tinplate containers in brine and pickled sauce with seafood was investigated at room temperature by using polarization curve and EIS experiments, and the degradation degree was evaluated by the variation of electrochemical parameters during the storage duration [4, 6] . The corrosion properties of tinplate in sodium chloride solution [8] [9] [10] [11] [12] , citric acid solution [7, 9, 11, 13] , industrial water [14] , functional beverage [15] and coffee drinks [16] were also determined at room temperature, and the corrosion mechanism was proposed and discussed.
Canned food and beverage are normally placed in refrigerator (cold), normal or higher temperature environment, which has an important influence on its storage life because of the different dissolution rate of tin into canned food. In a survey of canned US military rations, the tin content of five types of fruit in unlacquered cans at 37 o C after 20 months was 12 times higher than that at 1 o C (420 and 34 mg/kg, respectively). For seven types of mixed dishes in unlacquered cans the tin content at 37 o C was 6 times higher than that at 1 o C (190 and 32 mg/kg, respectively) [3, 17] . In 0.1mol/L NaCl solution, the corrosion behavior of tinplate was investigated under different storage temperature, and the corrosion mechanism was discussed [18] . However, until now there are few reports done about the corrosion of tinplate in citric acid solution under different storage temperature.
In order to explore the effectiveness of packaging cans in fruit beverage and citric acid containing food, the corrosion behavior of tinplate in 0.1mol/L citric acid solution was investigated in this work under different storage temperature by using polarization curve, electrochemical impedance spectroscopy (EIS) and immersion test. The morphology of corroded tinplate was observed by scanning electron microscopy, and the dissolution content of Fe and Sn elements in citric acid solution was also determined. And then the activation energy of tinplate in citric acid solution was calculated, and the effect of temperature on the corrosion process of tinplate was proposed and discussed.
EXPERIMENTAL

Material
Tinplate sheet used in this work is composed by a low carbon steel substrate with the thickness of 0.4 mm and tin coating with the nominal weight of 2.8 g/m 2 on both sides of steel by electrodeposition method. After reflowing at 250℃ and electrochemical passivation in sodium chromate solution, the tinplate samples with the dimension of 60 mm×60 mm and surface roughness of 0.33 μm were degreased by ethanol and dried before exposed to citric acid solution.
Electrochemical measurements
The polarization curve and electrochemical impedance spectroscopy ( C were obtained by using biochemical incubator in order to simulate the different storage temperature during the transportation and storage process of canned food.
After 30 minutes' immersion, the polarization curve of tinplate in citric acid solution was conducted at a scan rate of 0.1667 mV/s, and the corrosion potential Ecorr and corrosion current density Icorr were calculated and obtained. EIS measurements were acquired under the immersion time of 3, 6, 12, 24, 120, 240, 480 and 720 hours at the open circuit potential with a 10 mV amplitude signal and the applied frequency ranging from 100 kHz to 0.01 Hz. The measured EIS spectrum was then analyzed in term of appropriate equivalent circuits by applying ZsimpWin software, and then the electrochemical fitting parameters were determined by the simulation. and 720 hours, the corroded samples were taken out from the solution and then cleaned with distilled water and ethanol. The corroded surface of tinplate was observed by scanning electron microscopy, and the composition of corroded surface was analyzed by EDS Genesis XM2 energy dispersion spectroscopy. Meanwhile, 1mL solution was collected from the immersion electrolyte after immersion time of 6, 12, 24, 120, 240, 480 and 720 hours, and the concentration of Fe and Sn dissolved in the solution was measured by using Agilent 7700x inductively coupled plasma mass spectrometry (ICP-MS).
Immersion test
RESULTS
Polarization curve
The polarization curve of tinplate in 0.1 mol/L citric acid at different temperatures is shown in Fig. 1 . It can be observed from [19, 20] . When the polarization potential is increased beyond the transpassive potential, the current density of tinplate is suddenly increased due to the breakdown of passive film and the formation of corrosion pits on tinplate. (Table 1) , which means that the rise of storage temperature promotes the corrosion of tinplate in citric acid solution. Figure 2 is the EIS spectrum of tinplate in 0.1 mol/L citric acid solution at the temperature of 20 o C. At the immersion time less than 12 hours there are two time constants in EIS spectrum and the radius of capacitance arc is increased with the prolonging of immersion time ( Fig.2a and Fig.2c ), which indicating that the electrolyte had permeated the defects of tin coating and double layer capacitance was formed on the interface of steel substrate [8, 19] . The time constant at higher frequency is a result of tin coating interface capacitance Qc and surface pore resistance of tin coating Rc, and the time constant at low frequency is a result of double layer capacitance Qdl and charge transfer resistance Rct of steel substrate. When the immersion time is longer than 12 hours, one time constant is observed in EIS spectrum which implies that the corrosion of tinplate is changed to the dissolution of steel substrate after the detachment or consumption of tin coating, and the radius of capacitance arc is decreased continually with the prolonging of immersion time ( Fig.2b and Fig. 2d ). Furthermore, there is an inductive arc observed at lower frequency in EIS spectrum, which means that the dissolved tin and iron ions were reacted with citric anions and then absorbed on tinplate surface [11, 12] . Figure 3 . At the immersion time less than 24 hours, two time constants are also observed in the EIS spectrum of Fig.3a , and the radius of capacitance arc is increased with the immersion time ( Fig.3a and  Fig.3c ). After that EIS spectrum is characterized with one time constant, and the radius of the capacitance arc is decreased continually with the prolonging of immersion time ( Fig.3b and Fig. 3d (3-12 hours) , the radius of capacitance arc is slightly decreased with immersion time. When the immersion time is longer than 24 hours, the radius of capacitance arc is firstly increased and then reduced (Fig.4a and Fig. 4d ). These results are probably related with the formation and detachment of corrosion products on the surface of tinplate. Figure 5a and one time constant in Figure 5b were applied to analyze the experimental data, in which Rs is the electrolyte resistance, Qc is the capacitance of tin coating, Rc is the resistance of tin coating, Qdl is the double layer capacitance of steel substrate, and Rct is the charge transfer resistance of steel substrate, R and L are the inductive parameters related with the absorbed corrosion products on tinplate surface [8, 21, 22, 23] . The fitting electrochemical parameters are calculated and listed in Table 2 , and the variation of Rct with the immersion time and temperature in citric acid solution is shown in Figure 6 . It can be seen that the corrosion resistance of Rct is firstly increased at the initial stage of immersion time (3-12 hours at 20 o C, and 3-24 hours at 5 o C) and then decreased obviously. The increasing of Rct at the initial immersion stage is related with the formation of Sn(OH)4 and SnO2 film and the occurrence of FeSn intermetallic layer after depletion of pure tin coating on tinplate [23, 24] , and the reduction of Rct in the following stage is probably caused by consumption of tin coating and the corrosion of steel substrate. Under the same immersion time, tinplate has a lower corrosion resistance Rct at higher temperature, which means that the promotion of storage temperature does enhance the corrosion rate of tinplate in citric acid solution. 
EIS spectrum
Surface morphology
The surface morphology of tinplate before and after immersion test in 0.1 mol/L citric acid solution at 20 o C is shown in Fig. 7 , and the local magnified morphology and EDS spectrum of tinplate are shown in Fig.8 . Before immersion, tinplate is in an uniform and smooth surface (Fig.7a and Fig.8a) , and composed by 76.01 wt.% tin and small amount of iron element (Fig.8b) . After 1 day's immersion, there are corrosion pits occurred on the tinplate surface (Fig.7b) .
Meanwhile, FeSn intermetallic layer with cross arranged columnar structures, which is formed between the interface of tin coating and steel substrate during the reflowing process, was appeared (Fig.8c) [7, 14, 25, 26] , and the tin content of corroded surface is decreased to 36.64 wt. % tin. These results mean that the pure tin coating on the steel substrate is almost corroded away after 1 day's immersion. With the further immersion in citric acid solution, FeSn intermetallic layer on the tinplate is gradually dissolved (Fig.7c) . Finally, the steel substrate underneath the tin coating is completely exposed in the solution at the immersion time of 30 days (Fig.7d) . (Fig. 9a and Fig.9b) . After 30 days' immersion, the tin coating is begun to peel off (Fig.9c) . At the temperature of 37 o C, there are also corrosion pits occurred on the tinplate surface after 1 day's immersion (Fig.10a) . Under the immersion time of 10 days, half of the tin coating has been peeled off (Fig.10b) . When the immersion time is increased to 30 days, corrosion pits are formed on the steel substrate (Fig.10c) .
From the above evolution of surface morphology in Figs 7, 9 and 10, it also can be observed that tinplate has a higher corrosion rate in citric acid solution under higher temperature. 
ICP analysis
The concentration of iron and tin ions dissolved in citric acid solution at different temperatures was determined and shown in Fig.11 . It can be found that the concentration of Fe and Sn elements in solution under the same immersion time is increased obviously with the increasing of testing temperature, which means that the increased temperature promotes the corrosion process of tinplate in citric acid solution. At the immersion time less than 24 hours, the concentration of Fe and Sn elements is increased almost linearly with the immersion time, which indicating the codissolution of tin and iron elements in solution and corresponding the two time constants in EIS spectrum in Fig.2a and Fig.3a . After the immersion time longer than 1 day, the dissolution rate of Fe and Sn elements in solution is reduced, but the concentration of Fe element is still increased rapidly, and almost two orders higher than that of Sn element under the same immersion time. This result implies that the corrosion of tinplate after 1 day's immersion is dominated by the dissolution of steel substrate, which is agreed with the one time constant in EIS spectrum in Fig.2b, Fig.3b and Fig.4. 
DISCUSSION
From the results of Figs. 1 to 4, Fig.6 and Fig.11 , it can be deduced that under higher storage temperature tinplate has a higher corrosion current density, lower polarization resistance and higher Fe and Sn content in citric acid solution. These experimental data proved that the corrosion of tinplate in citric acid solution will be accelerated by the promotion of storage temperature.
Activation energy
In order to analyze the influence of temperature on the corrosion behavior of tinplate, Arrhenius [27] and Stern-Geary equation = / p [28] were applied to determine the activation energy of tinplate in citric acid solution, in which Ea is the activation energy of corrosion process (J/mol), R' is the universal gas constant of 8.314J/(mol·K), T is the testing temperature (K), A and B are the preexponential factor and Stern-Geary constant. Based on the resistance of Rct in Table 2 and Fig.6 , the activation energy of tinplate can be calculated by the slope of following equation [29] :
Where A'=A/B. The dependence of log(1/Rct) for tinplate in citric acid solution on 1/T is shown in Fig.12 , and the activation energy of tinplate at different immersion time is calculated and plotted in Fig.13 . At the immersion time less than 24 hours, the activation energy of tinplate is kept in a higher value of 38.93~57.27 kJ/mol, and then decreased obviously with immersion time. This high activation energy is probably related with the physical protection effect of passivated tin coating, FeSn intermetallic layer (Fig.8c) and absorbed corrosion products formed on the tinplate, which is agreed with the two time constants in EIS spectrum in Fig.2a and Fig.3a , the increasing Rct in Fig.6 and the codissolution of tin and iron in Fig.11 . With the immersion time prolonged to 10 to 20 days, the activation energy of tinplate is reduced to a lower value of 28.57-34.51 kJ/mol, which means that the corrosion of tinplate is changed to the dissolution of steel substrate after the consumption of tin coating (Figs.7, 9 and 10 ). When the immersion time is extended to 30 days, the activation energy is again increased to a higher value of 51.66kJ/mol because of the absorbed corrosion products on the steel substrate.
Corrosion process
From the above experimental results in Figs. 2-4, Fig.6, Fig.11, Fig.13 and the evolution of corroded surface morphology in Figs. 7-10 , the corrosion process of tinplate in citric acid solution could be divided into two stages. At the initial stage with the immersion time less than 24 hours at 5 o C or 12 hours at 20 o C or 3 hours at 37 o C, citric acid solution is directly contacted with tin coating, and also could be reacted with the steel substrate by permeating the defects of tin coating. So the corrosion of tinplate at this stage is by the codissolution of tin and iron in citric acid solution (Fig.11) , and there are two time constants in EIS spectrum (Fig.2a and Fig.3a) . With the immersion time longer that 1 day, the tin coating including FeSn intermetallic layer outside the steel substrate is gradually corroded away or detached by the corrosion products between the tin coating and steel substrate (Fig.7c and Fig.9b ), the steel substrate is almost totally begun to contact with citric acid solution (Fig.7d) . And thus the corrosion of tinplate is mainly by the dissolution of steel substrate (Fig.11) , and EIS spectrum of tinplate is changed to one time constant (Fig.2b, Fig.3b and Fig.4b ). Although two corrosion stages could be classified for tinplate in citric acid solution under different storage temperature, the corrosion rate and duration of every corrosion stage are varied with storage temperature. With the increasing of temperature, tinplate has a higher corrosion rate (Table 1) , lower corrosion resistance (Fig.6 ) and higher iron and tin dissolution content in citric acid solution (Fig.11) , and the duration from the codissolution of tin and iron (initial stage) to the steel dissolution (second stage) is decreased (Fig.6, Fig.7, Fig.9 and Fig.10 ). These results also proved that the increasing storage temperature does accelerate the corrosion process of tinplate in citric acid solution.
CONCLUSIONS
(1) With the increasing of storage temperature from 5 o C to 37 o C, tinplate has a more negative corrosion potential, higher corrosion current density, lower initiating passive potential and lower transpassive potential in citric acid solution.
(2) At the initial immersion stage, the corrosion of tinplate is by the codissolution of tin and iron, and there are two time constants in EIS spectrum. With the prolonging of immersion time, there is only one time constant observed in EIS spectrum, and tinplate is changed to the dissolution of steel substrate.
(3) The corrosion process of tinplate in citric acid solution can be classified into two stages, in which the initial stage of corrosion has a higher activation energy of 38.93~57.27 kJ/mol, whereas the activation energy in the following stage is firstly decreased to a lower value of 28.57-34.51 kJ/mol and then increased again.
